Large area terahertz emitters based on the lateral photo-Dember effect in InN (indium nitride) are presented. The formation of lateral photo-Dember currents is induced by laser-illumination through a microstructured metal cover processed onto the InN substrate, causing an asymmetry in the lateral photogenerated charge carrier distribution. Our design uses simple metal structures, which are produced by conventional two-dimensional micro-structuring techniques. Having favoring properties as a photo-Dember material InN is particularly well-suited as a substrate for our emitters. We demonstrate that the emission intensity of the emitters can be significantly influenced by the structure of the metal cover leaving room for improvement by optimizing the masking structures. With the emergence of new applications of radiation in the terahertz part of the electromagnetic spectrum, e.g., in spectroscopy and imaging, the development of new, powerful, and broadband terahertz sources has become an increasingly important field of research. Semiconductor based terahertz emitters driven by ultrashort laser pulses have found wide use in terahertz systems as sources of coherent and broadband terahertz pulses. While photo-conductive switches rely on external biasing and offer only limited power output due to their typically low damage threshold, emission from semiconductor surfaces provides a simple and powerful way to produce broadband terahertz radiation. Finding suitable semiconductor materials and maximizing their conversion efficiency from laser to terahertz radiation has become a primary goal, e.g., by optimizing material parameters, geometries, or the inherent conversion mechanism.
Commonly used substrates are GaAs, 1 GaSb, InGaAs and InP or narrow band gap semiconductors such as InAs 2 and recently also InN. 3 In these semiconductors, the photo generated charge carriers are accelerated and separated by two effects: by intrinsic surface fields due to Fermi-level pinning at the surface and due to different diffusion dynamics of electrons and holes, a process referred to as the photoDember effect.
In a photo-Dember material after photo excitation a high absorption close to the surface generates a large carrier density gradient normal to the surface which leads to diffusion of the excited charge carriers towards the bulk. Due to different mobilities, electrons and holes are then spatially separated, creating a net photo current that emits a terahertz transient. InN appears to be particularly well suited due to its superior material properties, such as (i) a high absorption coefficient at conventional laser excitation wavelengths 4 leading to efficient carrier photo generation also in thin films, (ii) a large difference between electron and hole mobilities (ratio l n /l p (InN) $ 90 compared to l n /l p (GaAs) $ 21) resulting in an efficient separation of the photo-induced charge carriers by the photo-Dember effect and therefore in a large terahertz emission dipole, and (iii) a large energy separation between conduction band minima (DE ¼ 2,8eV) that prevents electron scattering to the satellite valleys with a significantly larger effective mass and, correspondingly, a lower mobility, which would strongly decrease the THz emission. 6 very thin layers with a thickness below 1 lm can be used. Such thin films have low terahertz attenuation which allows to use them in transmission geometry, as in this study.
The photo-currents generated by the intrinsic surface field and the photo-Dember effect are both directed perpendicular to the semiconductor surface and superimpose to either enhance or attenuate each other depending on the doping of the semiconductor. 7 Since the terahertz emission due to the resulting net current is therefore directed parallel to the surface, which significantly reduces the out-coupled terahertz field, tilting the photo current enhances the emission. 8 Recently, this has been achieved by partially shadowing the substrate, for example, with a metallic cover, 9, 10 effectively leading to an asymmetric charge carrier distribution along the surface. The resulting diffusion and therefore the radiating photo-current then has a component parallel to the surface, which enhances the terahertz emission, a process referred to as the lateral photo-Dember (LPD) effect. 9, 11 In order to multiply the LPD effect, one has to create an asymmetric carrier distribution periodically over a large area. Klatt et al. 12 achieved this by continuously altering the thickness of periodically arranged metallic stripes on the substrate and were able to significantly enhance the terahertz emission compared to illumination of a single edge only. advanced multi-step fabrication methods, in this work, we use a different approach based on an asymmetric sub-wavelengthsized geometry of the metallic mask retaining a constant thickness. A similar structure has been proposed and theoretically explored previously, 13 however, failed to produce any measurable terahertz radiation. 14 Various emitter structures have been produced on a substrate consisting of a 940 nm thick InN layer deposited on 300 lm thick metal organic chemical vapor deposition (MOCVD) grown GaN/sapphire templates. 15 Periodic metallic structures have been fabricated using e-beam lithography and standard lift-off techniques. As a result, patterned gold films with a thickness of 40 nm on a 10 nm titanium contact layer have been produced on patches of 1 Â 1 mm each as shown in the microscopic images in Fig. 1(a) . For one structure, a single unit cell is shown in Fig. 1(b) . The unit cell size was chosen such that its dimensions are significantly larger than the illumination wavelength in order to avoid diffraction effects, but still smaller than the diffusion length of the electrons ($7 lm for InN 16 ). In addition to the linear triangular structures also parabolic and anti-parabolic patterns have been fabricated in order to experimentally investigate the effect of the structure on the resulting terahertz emission.
First, in order to theoretically verify terahertz emission from this structure due to the LPD effect, we performed onedimensional Ensemble Monte-Carlo (EMC) simulations. The EMC approach accounts for the complex dynamics of photo generated carriers (electrons and holes generated by a femtosecond laser pulse) in an inhomogeneous time-
In order to model the emission from the LPD effect, an inhomogeneous density of electrons and holes along the x-direction is assumed as shown in Fig. 2(b) , which directly reflects the integrated charge carrier density due to an inhomogeneous illumination within a unit cell caused by the metal cover. Note that our one-dimensional model only considers carrier diffusion and drift in the lateral x-direction. For our simulation, we have assumed a laser pulse duration of s L ¼ 30 fs and the material properties of InN. From the simulation of a single unit cell, we obtain the current surge j x , plotted in Fig. 2(c) , which results in a significant terahertz radiation. Note that the influence of intrinsic surface fields due to the metal-semiconductor contact have not been considered in our simulation but may potentially also contribute significantly to the observed THz emission. We would like to point out that for calculating the exact terahertz waveform radiated by the emitter not only the current surge has to be considered, but also such effects as propagation of the terahertz radiation through the bulk, or etalon reflections at the boundaries, which may also strongly affect the resulting terahertz transient. Furthermore, dipole quenching or enhancement by the metal mask as reported in Ref. 10 and its spatial dependence may play a role. Figure 3 shows a schematic of our experimental setup (c) together with the illuminated sample covered by the structured metallic mask (a), as well as a sketch of the terahertz emission process (b). Laser illumination of the triangular metallic microstructures induces an asymmetric charge carrier distribution along the x-axis. The resulting photoDember currents in each unit cell point in the same direction, as indicated by the green arrows in Fig. 2(b) . The coherent terahertz emission, shown as green cones, is directed mainly perpendicular to the substrate surface adding up constructively in the far-field.
The experimental setup is based on laser-induced terahertz pulse emission from the sample and photo-conductive terahertz detection. For simultaneous excitation of the emitter sample and gating of the detector, the output of a modelocked Ti:sapphire laser (20 fs, 780 nm, 80 MHz repetition rate) is split into an excitation and detection beam. The detection pulses are guided via a variable delay onto a photoconductive terahertz detector antenna which is sensitive to the linearly x-polarized component of an incoming terahertz field. The other part of the laser beam illuminates the masked sample with an integrated power of 300 mW and a laser spot of $100 lm diameter, generated by slightly defocussing the laser on the emitter. THz pulse emission from the sample is collected by two off-axis parabolic mirrors and refocused onto the detector antenna equipped with a silicon lens, which acts as a solid immersion lens. The THz beam path is modulated by a mechanical chopper at the lock-in frequency. In order to spatially map the terahertz emission, the sample can be translated in x-and y-direction relative to the laser excitation beam with a spatial resolution of 200 lm. Figure 4 (a) shows terahertz pulses emitted from the three structures as measured in our setup. For each structure, the 1 Â 1 mm large metal patch has been centrally illuminated by the $100 lm-diameter laser spot. We find that all emitter structures produce significant terahertz transients, in the order of the output generated by a conventional photoconductive antenna operated under similar conditions. The emission intensity depends on the microstructure, with the strongest emission generated with the parabolic shape, followed by the linear triangles, and the anti-parabolic structures. Whereas the shape of the structures strongly influences the emission strength, it has no effect on the spectral dependence of the emission as demonstrated in the corresponding spectra in Fig. 4(b) , which all exhibit an emission maximum at 200 GHz.
To rule out macroscopic inhomogeneities or structural imperfections within a single patch as origin for the emission strength dependence, we have recorded a two-dimensional emission map by spatially scanning the sample in our setup. Figure 4 (c) shows the spatial distribution of the emission plotted at the emission maximum at 200 GHz (vertical line in (b)). We find that the emission is homogeneously distributed within each individual patch. Also, as expected only the areas covered by the metal structure generate significant terahertz emission, whereas in the non-structured areas the emitted radiation is reduced by more than one order of magnitude.
Further EMC simulations using a spatially dependent gradient of the charge density within a unit cell, mimicking the curved structures, have not yet given a conclusive evidence for the observed structural dependence of the terahertz emission. This leaves us to speculate on the potential origin. Intrinsic fields caused by the metal-semiconductor contact may be non-negligible influencing the carrier dynamics and the resulting terahertz emission. 17 The different structures result in slightly different spatial arrangements of these fields, which might partially account for the observed structural dependence of the emission. Polarization dependent diffraction of the excitation laser on the metal edges, affecting the light intensities, and therefore, the distribution of the excited charge carriers under the metal, may also play an important role. 18 In any case, the effect of the microstructure on the terahertz emission needs to be further explored since our study clearly demonstrates the significant potential for structural optimization of this type of emitters.
In conclusion, we have demonstrated the feasibility of large area terahertz emitters based on the formation of lateral photo-Dember currents in InN induced by laser-illumination through a microstructured metal cover. The structures have been produced by simple two-dimensional micro-structuring techniques (e-beam lithography). The study demonstrates that the emission intensity can be significantly influenced by the structure of the metal cover leaving room for improvement of the emitters by optimizing the masking structures.
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